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INTRODUCTION
Tinnitus is an auditory phantom characterized by the perception of sound without an external acoustical source [1] . A number of people unknowingly experience tinnitus in their daily lives, since most of the time it appears as a mild and temporary state.
But some experience persistent tinnitus that gradually increases in intensity, leading to discomfort in their daily lives and disturbances in carrying out routine tasks for those who suffer from it. Chronic tinnitus occurs in 6-20% of adults, and 1-3% of these patients suffer from severe damage to their quality of life; such patients require treatment from an otologic specialist [2, 3] . An aging population and industrialization in Korea have attributed to the increase in the proportion of the population who are exposed to and affected by increased background noise. This increased environmental noise is believed to be the primary cause for the rising trend in tinnitus patients. In 2014, a large-scale cohort study showed that the prevalence of tinnitus was around 21.4% in adults, of whom 7.3% had severe tinnitus; the chief complaints among these patients were reported to be psychological symptoms such as sleep disturbance and depression [4] .
Tinnitus is classified into two sub-types: objective tinnitus and subjective tinnitus. Patients with objective tinnitus perceive a real acoustical source from their body, which is commonly discerned as pulsatile blood flow or as abnormal muscle movements. This means that, although objective tinnitus rarely occurs, given that its cause is known, it can be completely treated [5, 6] . Subjective tinnitus occurs more commonly than objective tinnitus, and only the patients themselves can perceive the sound, making an objective assessment of the condition difficult. It is equally difficult to delineate the cause and the etiology of objective and subjective tinnitus. Since sound perception in patients with subjective tinnitus Tinnitus is an auditory phantom characterized by the perception of sound without the presence of an external acoustical source. The peripheral auditory system is considered to contribute to the initiation of tinnitus but only explains the severity and distress level to a limited degree. The neuropsychological models of tinnitus have been developed to explain the pathophysiology of tinnitus as a malfunctioning feedforward/feedback signal in the central neural system including the auditory brainstem, limbic system, auditory cortices, and other anatomical features. Functional neuroimaging techniques have been introduced in recent decades and have provided non-invasive tools to assess the working human brain in vivo. Researchers have found these techniques valuable in examining the neural correlates of tinnitus and have been able to not only support the neuropsychological model but to expand it. Though neuroimaging studies on tinnitus only began in 1990s, they have been increasing exponentially in number. In this review, we investigate the current state of functional neuroimaging studies on tinnitus in humans. The characteristics of commonly used functional neuroimaging techniques including positron emission tomography (PET), functional magnetic resonance imaging (fMRI), electroencephalography (EEG) and magnetoencephalography (MEG) are also discussed. We briefly review recent studies on the tinnitus-brain relationship that have used those research tools.
has no correlation with an external acoustical source, we presume that the central auditory system, rather than the peripheral auditory system, is closely related to the phenomena seen in subjective tinnitus.
The results of many studies that have investigated the etiology of tinnitus support the hypothesis that tinnitus begins as the loss in functions of the peripheral auditory system. Yet, tinnitus was seen to have persisted despite transections of the eighth cranial nerve, which shows that a dysfunctional peripheral auditory system alone cannot be the sole etiological factor. Some have advocated a neurophysiological model of tinnitus that is based on the central auditory system, rather than peripheral models [7] [8] [9] . In animal studies, tinnitus elicited through exposure to ototoxic drugs or to background noise in mice showed an increase in the spontaneous firing rates within the brainstem and the auditory cortex [10] . Auditory afferent information decreases with peripheral hearing loss, which is transmitted through the central auditory system.
Conversely, the spontaneous nerve activity increases in the central auditory system, which is believed to induce tinnitus. In a separate study, tonotopic map reorganization of the auditory cortex was reported in a tinnitus-induced animal model [11] . However, one must be cautious because data from animal studies may not be generalizable to humans. 
MAIN TEXT
We reviewed the representative functional neuroimaging methods, their relative advantages and disadvantages, and the literature concerning the studies that had been carried out using each technique on tinnitus. The general characteristics of each method have been summarized in Table 1 .
Positron emission tomography
Positron emission tomography is used in the clinical context to diagnose diseases, but its use also extends to the research field, being one of the most widely used neuroimaging tools alongside fMRI. In PET, a radioactive tracer is injected intravenously into the bloodstream, and then the regional cerebral blood flow (rCBF) or metabolic changes are measured. The region of the cerebrum responsible for the response to a certain stimulus or action exhibits neuronal hyperactivity and focalized increases in blood flow.
The increased blood circulation indicates that energy and oxygen are being supplied to these regions. The injected tracer, according to its physiological characteristic, is metabolized in specific regions of the brain where it is needed, and as the isotope decays, it emits a positron. This positron is combined with an electron circling the nucleus and is annihilated, resulting in the formation of two gamma rays traveling in opposite directions. After detection of the gamma ray through a PET scanner, the transmitted signal is computerized into a 3-dimensional image depicting the in vivo position and distribution of the tracer. This PET 3D image pro- Limitations of positron emission tomography include the in vivo injection of a radioisotope; this leads to issues of radiation exposure. Other drawbacks of PET are the low spatial resolution (4-8 mm), making it difficult to discriminate specific anatomical locations and a low temporal resolution, which is lower than that of EEG or MEG [12] . However, PET has lower background noise compared to fMRI, making it an appropriate method of choice when performing studies that involve auditory tasks. It also has the advantage that it can be used for studies on patients with cochlear implants who are sensitive to magnetic fields [13, 14] .
A FDG-PET study in 1996 reported that, tinnitus patients showed greater metabolism than controls at the primary auditory cortex (PAC) of the left hemisphere during a resting state. Since the extent of the increase was significantly correlated with the subjective tinnitus distress, it was presumed to be a tinnitus-induced change in the central auditory system [20] . Using the same approach, changes in the auditory cortex were used to calculate the extent of symmetry between the left and right hemispheres. They found that tinnitus patients showed a strong asymmetry, and in agreement with previous studies, the left hemisphere showed a greater metabolism rate than the right hemisphere [21, 22] . Most studies using H2 15 O as a tracer have measured increased CBF associated with auditory tasks. They have reported that tinnitus patients, compared to controls, showed increased neural activity in the auditory cortex and the limbic areas. Functional connectivity between those two areas also increased; altogether this evidence supports the neurophysiological model of tinnitus [23] [24] [25] . Recently, repetitive transcranial magnetic stimulation (rTMS) was carried out as a mode of treatment, to determine whether the exaggerated response to sound seen in tinnitus patients can be controlled. Intriguingly, neuronal activity in the auditory cortex was shown to decrease with rTMS.
Functional magnetic resonance imaging
Functional magnetic resonance imaging is based on the same underlying principle as PET; activity in the brain induces the movement of various metabolites, and this metabolism is calculated indirectly in fMRI. When a neuronal mass is active, the level of oxygen intake into the area increases. To make up for the oxygen consumption, blood flow into the region increases accordingly. In fMRI, the brain region responsible to perform specific functions for a given task shows intensified neuronal activity and an increase in blood flow from its immediate surroundings, leading to a relative accumulation of oxygenated hemoglobin compared to its surroundings, which correlates with an intensified signal on fMRI. This is called a blood oxygen level-dependent (BOLD) signal, which reaches its maximal point in around 6-10 seconds following activation.
Functional MRI is superior in terms of safety, because there is no risk of radioactive exposure, unlike PET, which means that examinations can be performed repeatedly. Among the four imaging techniques described in this review, fMRI has the highest spatial resolution (1.5-3 mm), allowing anatomical positions of the brain to be located and mapped accurately and functional aspects of each brain region to be analyzed individually. A limitation of fMRI is its low temporal resolution compared to EEG and MEG, which measures electrical activity; thus, it is inappropriate for use in assessing very rapid changes in nerve activity in response to a stimulus [15, 16] . The drawbacks of fMRI are especially evident when it is used to assess brain activity in response to auditory-related tasks, as there are loud scanner noises during image acquisition (the internal coil can cause a noise level of 110-130 dB SPL).
This is disadvantageous when test subjects have sustained auditory impairments, and such individuals are most likely to have metallic implants in their body (e.g., cochlear implants, hearing aids).
This means that not only safety concerns prevent the use of MRI, but also the noise arising from the device during imaging can have a bearing on the results. When planning an fMRI experiment with auditory tasks, one must take into consideration the noise level and stimulation level.
Most early studies of fMRI investigating tinnitus used auditory stimulation. In 2000, pathologic signal patterns at the contralateral inferior colliculus (IC) were examined while patients perceived tinnitus sounds [26] . Subsequent studies showed that the patho- [15, 27] . As with the results of studies on PET, those of fMRI have shown increased connectivity in the auditory-limbic system in patients with tinnitus. Not only were there tinnitus-dependent changes in functional connectivity but also changes in the structure of the ventromedial prefrontal cortex [28] . At resting state, studies using fMRI showed that tinnitus-induced emotional changes are associated with the posterior cingulate and the insula regions, and in chronic tinnitus, changes in the default mode network (DMN) were also examined [29] . Individuals with higher tinnitus distress were shown to have a more enhanced fronto-parietal-cingulate network than those with lower distress [30] . As such, the focus of investigation has been directed towards how tinnitus-induced alterations in various regions of the brain or how the changes in connectivity of each brain region correlate to the clinical characteristics of the disease rather than on tinnitus-induced focalized changes in the auditory pathway.
Electroencephalography
In electroencephalography (EEG), electrical impulses fired from the neuronal mass within the brain are measured at the brain sur- This phenomenon has been explained as the effect of tinnitus-induced depression, which is prevalent in tinnitus patients with high distress [31, 32] . Some EEG studies have confirmed that an increased gamma frequency range in the temporal regions has been proven by MEG measurement. Therefore, EEG has proved to be sensitive to measuring such a small change that had been presumed to be measurable only using MEG. This comparable sensitivity is an advantage of EEG, given that it is much more accessible than MEG [18, 33, 34] . In another study, it has been observed that tinnitus patients have a reduced alpha coupling network but an enhanced gamma coupling network [35] . Recent studies have used LORETA analysis, which enhances spatial resolution, to show that different regions were hyperactivated depending on the level of subjective tinnitus distress; it was found that the greater the index of subjective distress, the stronger its association was with alpha and beta signals of the dorsal anterior cingulate cortex of the limbic system [36] [37] [38] . A recent study that co-analyzed the results of voxel-based morphometry (VBM) and of QEEG found that changes in neuronal signals in the regions of the dorsal cingulate gyrus, the hippocampus, and the parahippocampus were associated with tinnitusinduced distress and with the duration of tinnitus [39] . Recently, novel analytical approaches have been developed to enhance the validity of EEG in order to improve the measurement of signals from sub-cortical sources. Studies using MEG have showed a markedly decreased level of the slow alpha band and relatively increased delta power in the auditory cortices of tinnitus patients, which is similar to previous EEG studies [40] . The region of hyperactivity differs depending on the sidedness of the tinnitus; unilateral tinnitus induces hyperactivity in the contra-lateral auditory cortex, whereas bilateral tinnitus induces hyperactivity in both hemispheres [41] . Recently, connectivity analysis among brain regions in tinnitus patients was made to explain changes in the context of a global network. The authors of this study found that the gamma band of the global networks, comprising the prefrontal cortex, orbitofrontal cortex, and parieto-occipital region, differed between controls and tinnitus patients. They also found that the changes in connectivity in tinnitus patients were related to their subjective distress [42] . The gamma band of the right auditory cortex was shown to be increased not only in chronic tinnitus patients but also in those who had temporary tinnitus. In addition, the experience of tinnitus itself was shown to lead to the oscillatory alterations of the cerebral cortex [43, 44] .
Magnetoencephalography

CONCLUSION
Here, we reviewed how functional neuroimaging can be used to understand tinnitus-related changes in the human central nervous system. We explored the studies that had been performed using 
